INTRODUCTION
Historically, hypotheses on the pathogenesis of gastroesophageal reflux disease (GERD)b have implicated either anatomical or physiological abnormalities of the gastroesophageal junction. Initially, esophagitis was deemed a predictable consequence of hiatus hernia, but this construct became untenable with the observations that not all patients with hiatus hernias had reflux disease, that not all patients with esophagitis had concomitant hernias, and that simple repair of a hiatus hernia did not resolve GERD. With the description of the smooth muscle lower esophageal sphincter (LES), the pendulum swung to the opposite extreme, and the presence of hiatus hernia was viewed as simply coincidental; the primary abnormality in reflux disease being either a hypotensive LES [1] or one prone to more frequent transient relaxations [2, 3] . Subsequently, it has become apparent that the gastroesophageal junction is an anatomically complex valvular mechanism composed of both an extrinsic element (the crural diaphragm) and the smooth muscle LES, intrinsic to the esophagus [4] . An attractive feature of the two-sphincter construct is that it suggests a mechanism wherein both LES dysfunction and hiatus hernia diminish gastroesophageal junction competence.
Although incompetence of the gastroesophageal junction is a prerequisite for the development of GERD, the central hypothesis regarding the pathogenesis of esophagitis is that symptom generation and esophageal mucosal injury are proportional to the duration of time that the mucosa is acidified and by the caustic potency of refluxed fluid. Studies comparing individuals with reflux disease to disease-matched controls suggest no defining abnormality of gastric secretion within the esophagitis population [5] . However, esophagitis patients can differ from normal patients in their ability to clear the refluxate from the esophagus and re-establish normal intra-esophageal pH after a reflux event has occurred [6] . Overall esophageal acid exposure time as quantified by prolonged pH recordings is the product of the number of reflux events and the time required for restoration of the mucosal pH to a value of 4 following each reflux episode (the acid clearance time). Thus, either a markedly increased propensity to incur reflux events or markedly impaired acid clearance can be the dominant abnormality leading to the development of esophagitis. Since peptic esophagitis is most severe at the gastroesophageal junction, it is logical to examine determinants of acid exposure within this region. This paper will focus on how anatomic variables of the gastroesophageal junction affect the susceptibility to incur reflux events and impair the process of esophageal acid clearance. [7] .
ANATOMIC FACTORS

Transient lower esophageal sphincter relaxations
There is compelling evidence that transient lower esophageal sphincter relaxations (tLESRs) account for the overwhelming majority of reflux events in normal individuals ("physiologic reflux") and in patients with a normal LES pressure at the time of reflux [2, 3, 8] . Compared to swallow-induced LES relaxations, tLESRs occur without an associated pharyngeal contraction, are unaccompanied by esophageal peristalsis, and persist for longer periods (more than 10 seconds) than do swallow-induced LES relaxations [9] . However, not all tLESRs are accompanied by reflux. The likelihood of reflux during a tLESR is influenced by both the circumstances of the recording and the temporal proximity to a meal, with different investigators reporting reflux during as many as 93 percent or as few as 9 to 15 percent [8, 10] . What has become clear is the role of tLESRs in belching [11, 12] . The frequency of tLESRs is greatly increased by distention of the stomach by gas or by assuming an upright as opposed to supine posture [13] . Although, recent investigations have also suggested that tLESRs can be elicited in response to pharyngeal stimulation, perhaps being manifestations of "sub-threshold swallows," this relationship continues to be enigmatic [14] . It seems likely that some of the confusion stems from a lack of appreciation that tLESRs are integrated motor responses involving not only LES relaxation, but also crural diaphragmatic inhibition and contraction of the costal diaphragm [15] . As such, tLESRs promote gas venting from the stomach, and this complex integrated response has not been convincingly demonstrated in response to pharyngeal stimulation of any kind. In view of the circumstances in which they appear, it seems most likely that tLESRs are a physiologic response to gastric distention by food or gas and are the mechanisms responsible for gas venting of the stomach; acid reflux is an inconstant associated phenomenon.
Hypotensive lower esophageal sphincter
Gastroesophageal reflux can occur with a diminished LES pressure either in the setting of a completely atonic LES or when a hypotensive LES is overcome and "blown open" by an abrupt increase of intra-abdominal pressure [3] . Prolonged manometric recordings suggest that these mechanisms of reflux are relatively unusual, operant mainly when the LES pressure is less than 4 mmHg [16] . However, these studies were not controlled for the presence of a hiatus hernia (see below) and may introduce artifact because of the activity-restricting effect of the required instrumentation (recumbent subjects reading or watching television with a manometric assembly and a pH probe in their nose). It is possible that if subjects were classified as to hernia status and data were obtained with patients subjecting themselves to conditions that are more provocative of heartburn, a different profile of mechanisms would be observed.
A consistent clinical observation supporting the importance of tLESRs as a mechanism of reflux is that only a minority of individuals with GERD Thus, the susceptibility to stress reflux is dependent upon the interaction of the instantaneous value of the LES pressure and the size of hiatus hernia. With progressive increase in the axial dimension of hiatus hernia, individuals are increasingly dependent upon the LES as an antireflux barrier and, hence, increasingly vulnerable to foods, habits, etc., that diminish the LES pressure. From [23] with permission. pressure of less than 10 mmHg when determined by isolated fasting measurements [17] . This observation can be somewhat reconciled with the proposed role of a weak sphincter in reflux when one considers the dynamic nature of LES pressure. An isolated fasting measurement of LES pressure is probably only useful to identify patients with a grossly hypotensive LES. However, there is undoubtedly a larger group of patients with mild or moderate GERD susceptible to reflux from increased intra-abdominal pressure when their LES pressure has been temporarily diminished as a result of specific foods, drugs, or habits [7, 10] .
Hiatus hernia and the diaphragmatic sphincter
Recent physiologic investigations in humans and animals have advanced the "two sphincter hypothesis" of gastroesophageal junction competence, suggesting that both the smooth muscle LES and the crural diaphragm encircling the LES serve a sphincteric function [4, [18] [19] [20] . Manometric recordings from the gastroesophageal junction are often characterized by inspiratory augmentation. These inspiratory increases result from contraction of the diaphragmatic crus that encircles the LES. The respiratory oscillations correlate with crural diaphragm EMG activity, increase with respiratory effort, and are eliminated by manual hyperventilation [21] . Furthermore, a persistent gastroesophageal junction high-pressure zone can be manometrically demonstrated in patients following oncologically-prompted surgical removal of the distal esophagus and proximal stomach, which presumably removed the smooth muscle LES [22] .
The clinical significance of gastroesophageal junction pressure attributable to the crural diaphragm and hiatus canal pertains to a condition potentially associated with its anatomic disruption: hiatus hernia. Observations of the antireflux mechanism during stress maneuvers such as leg raising and abdominal compression suggest a "pinchcock effect" of crural contraction that augments the antireflux barrier. Thus, under these conditions, both the diaphragm and the LES contribute to gastroesophageal sphincter competence. Susceptibility to reflux under such circumstances of abrupt increases of intraabdominal pressure as occur during bending or coughing depends upon both the instantaneous LES pressure and the diaphragmatic sphincter [23] . Patients with hiatus hernia exhibit progressive disruption of the diaphragmatic sphincter proportional to the extent of axial herniation. Therefore, although neither condition in and of itself (hiatus hernia or hypotensive LES) results in severe incompetence, the two conditions interact with each other as evidenced by the statistical modeling of gastroesophageal junction competence depicted graphically in Figure 1 [23] . This model is consistent ative to the diaphragmatic hiatus among subject groups. The squamocolumnar junction was marked with a metal clip, and the position of the high pressure zone was determined during concurrent manometry and fluoroscopy. Group 1 patients were characterized by having the squamocolumnar junction at or below the hiatus. Group 2 and group 3 patients were characterized by having the squamocolumnar junction 0 to 2 cm and > 2 cm above the hiatus, respectively. The horizontal bars depict the average limits of the high pressure zone within each subject group (mean ± SE cm). The position of the respiratory inversion point (RIP) is constant among subject groups while the position of the squamocolumnar junction is progressively more cephalic in groups 2 and 3. The high pressure zone is significantly shorter in the group 3 subjects compared to both groups 1 and 2. From [25] with permission.
with the clinical experience that exercise, tight fitting garments, and activities involving bending at the waist exacerbate heartburn, especially after having consumed meals that reduce LES pressure. A further twist in the interrelationship between hiatus hernia and the LES is that a hernia in and of itself may diminish LES pressure. In experiments on dogs, surgical division of the phrenoesophageal ligament led to a decreased LES pressure that was then restored by reanastamosing the ligament [24] . The condition of a large nonreducing hiatus hernia is probably similar to that of a ruptured phrenoesophageal ligament. Figure 2 illustrates the effect of non-reducing hiatus hernia on the length and position of the gastroesophageal junction high-pressure zone relative to the diaphragm [25] . The group 3 subjects in Figure 2 were defined by having the squamocolumnar junction (marked with a metal mucosal clip) more than 2 cm proximal to the hiatus. This defect is associated with loss of the distal aspect of the high-pressure zone. Anatomically, the lost sphincteric segment corresponds to the collapsed columnar-lined distal segment described by Lieberman-Meffert extending to the gastric sling fibers [26] . The group 2 patients in Figure 2 represent an intermediate group with migration of the squamocolumnar junction above the diaphragm, but not to the extent that it distorts the sphincter profile.
Conceptually, this could continue to be the case until the extent of herniation exceeds the length of the "submerged segment" as it does with the group 3 patients. The reader is referred to a scholarly review of Friedland for more detail on the subtleties of this anatomy [27] .
COMPROMISE OF ACID CLEARANCE RELATED TO HIATUS
HERNIA
The normal process of esophageal acid clearance is a two-step process; virtually all fluid volume is emptied from the esophagus by esophageal peristalsis, leaving only a minimal residue that sustains an acidic pH in the esophageal mucosa until it is neutralized by swallowed saliva [28] . It takes about 7 ml of saliva to neutralize 1 ml of 0.1 N HC1, with 50 percent of this neutralizing capacity attributable to salivary bicarbonate [29] . Thus, in individuals without impaired esophageal emptying, the acid clearance time is solely dependent upon the rate of salivation. However, an impaired ability to empty fluid from the esophagus can vastly prolong acid clearance.
Prolonged esophageal acid clearance among patients with hiatus hernia and symptomatic gastroesophageal reflux was demonstrated along with the initial description of the acid clearance test [30] . Similarly, in 24-hour distal esophageal pH recordings of more than 100 patients with reflux disease, the mean acid clearance time of "supine refluxers" was markedly prolonged compared to the values of control subjects [31] . Subsequent investigations have demonstrated heterogeneity within the patient population such that although the mean acid clearance time value among patients with symptomatic reflux was greater than that of controls, only about half of reflux patients have prolonged values [6] . Heterogeneity within the GERD population was also confirmed by review of a large data set on 24-hour esophageal pH monitoring. These investigators also made the observation that individuals with known hiatus hernias tended to have the most prolonged recumbent acid clearance times [32] .
As discussed above, the two major potential mechanisms of prolonged acid clearance are impaired fluid emptying and impaired salivary function. A series of recent investigations have demonstrated that hiatus hernias compromise fluid emptying from the distal esophagus. Mittal used concurrent pH recording and scintiscanning to examine the efficacy of fluid emptying and acid clearance in a group of patients with hiatus hernia (with or without esophagitis) and compared them to a group of esophagitis patients without hernias [33] . Irrespective of the presence of esophagitis, 15 of the 20 hiatus hernia patients had impaired acid clearance because there was "rereflux" from the hernia sac during swallowing. Sloan Observations on normal subjects suggest that impaired esophageal emptying with hiatus hernias is a consequence of loss of the subdiaphargmatic segment of esophagus. Normally, sphincter (ampullary) opening is not evident until it is distended by the bolus being propelled by esophageal peristalsis, an event that occurs 5 to 10 seconds after the swallow [35, 36] .
Mechanistically, for opening to occur, pressure acting on the lumen of the sphincter must exceed the pressure surrounding the sphincter. However, the anatomical considerations detailed above suggest that the normal position of the distal esophagus is intra-abdominal. Hence, intragastric pressure acting to open the sphincter is negated by the external pressure of equal magnitude acting on the same esophageal segment. The effect of eliminating this intra-abdominal segment was evident in the non-reducing hernia group. During early retrograde flow events, the LES was opened from below immediately following swallow-induced LES relaxation. For this to occur, intragastric pressure within the sphincter must exceed the extrasphincteric pressure, indicating that the extrasphincteric pressure was less than intra-abdominal pressure (i.e., closer to intrathoracic pressure) in these individuals. The importance of an extrasphincteric mechanism in preventing reflux has also been supported in an animal model. During reflux testing in monkeys fitted with pressure sensors both within the LES and within the abdominal cavity external to the LES, reflux was observed only when the external LES pressure was lower than intraluminal LES pressure [37] .
Another mechanism promoting gastroesophageal junction competence during esophageal emptying is the crural diaphragm [34] . In normal individuals the esophageal ampulla fills from above as the bolus is propelled ahead of the peristaltic contraction. As the peristaltic contraction arrives at the distal esophagus, intraampullary pressure increases to about 10 mmHg, at which time ampullary emptying began. During emptying, the diaphragmatic crura functioned as a one-way valve. During expiration, at which time the esophageal-gastric pressure gradient favors antegrade flow, the crus is relaxed and visibly open. However, during inspiration, when intra-abdominal pressure increases, the crura contract and close, thereby preventing gastroesophageal flow. The valvular effect of the crural diaphragm is grossly impaired with non-reducing hernias because a gastric pouch persists above the diaphragm, thereby disabling this oneway valve function.
CONCLUSIONS
The gastroesophageal junction is anatomically and physiologically complex and vulnerable to dysfunction by several mechanisms. The unifying theme of mechanisms of reflux disease is that they result in increased esophageal acid exposure. Evidence suggests that hiatus hernia is a significant factor in many instances. However, the importance of hiatus hernia is obscured by imprecise definition and allor-none thinking; it is more accurate to view hiatus hernia as a continuum of progressive disruption of the gastroesophageal junction. There are at least three potentially significant features of a hiatus hernia: axial length during distention, axial length at rest, and competence of the diaphragmatic hiatus. Although any or all of these features may be abnormal in a particular instance of hiatus hernia, each is probably of different significance. Large hernias are of greater significance that "borderline" hernias. Presumably, the phrenoesophageal membrane, which is stretched during each peristaltic contraction and challenged during each episode of increased intra-abdominal pressure, gradually loses its elastic recoil with the years.
Mechanistically, the gastroesophageal junction must protect against reflux both in static and dynamic conditions. In static conditions, unless extremely hypotensive, the smooth muscle LES has adequate tone to protect against reflux. In this circumstance, reflux can only occur by tLESR. However, during dynamic stresses such as swallowing or abrupt increases in intraabdominal pressure, gastroesophageal junction competence is dependent upon both the LES and the diaphragmatic sphincter. During abrupt increases in intraabdominal pressure, the crural diaphragm normally serves as a "second sphincter," and this mechanism is substantially impaired in individuals with a gaping hiatus. During swallowing, the crural diaphragm functions as a one-way valve, permitting flow only during expiration when the pressure gradient favors antegrade flow to the stomach. Large hernias impair the process of esophageal emptying thereby prolonging acid clearance time (especially while in the supine posture). Thus, although hiatus hernia may or may not be involved at the inception of reflux disease as an initiating factor, it clearly can be a significant contributor to the chronicity of disease, acting as a sustaining factor.
